There have been increasing theoretical speculations and observational indications that certain globular clusters (GCs) could contain a sizeable population of stellar mass black holes (BHs). In this paper, we shortlist at least 29 Galactic GCs that could be hosting a subsystem of BHs (BHS). In a companion paper, we analysed results from a wide array of GC models (simulated with the MOCCA code for cluster simulations) that retained few tens to several hundreds of BHs at 12 Gyr and showed that the properties of the BHS in those GCs correlate with the GC's observable properties. Building on those results, we use available observational properties of 140 Galactic GCs to identify 29 GCs that could potentially be harbouring up to a few hundreds of BHs. Utilizing observational properties and theoretical scaling relations, we estimate the density, size and mass of the BHS in these GCs. We also calculate the total number of BHs and the fraction of BHs contained in a binary system for our shortlisted Galactic GCs. Additionally, we mention other Galactic GCs that could also contain significant number of single BHs or BHs in binary systems.
INTRODUCTION
Up to several thousands of black holes (BHs) may form in the most massive globular clusters (GCs) from the evolution of massive stars within a few Myr. Whether a large number of these BHs can be retained in the GC depends significantly on the natal kicks that BHs receive at birth and the escape velocity of the cluster. The exact magnitude or distribution of BH natal kicks is uncertain (Belczynski et al. 2002 (Belczynski et al. , 2010 Repetto et al. 2012; Fryer et al. 2012; Janka 2013; Mandel 2016; Repetto, Igoshev, & Nelemans 2017; O'Shaughnessy, Gerosa, & Wysocki 2017) and initial properties of GCs are weakly constrained. Whether GCs can sustain a sizeable population of BHs during their long term evolution over a dozen Gyr has also been deeply debated. Theoretical studies in early 1990s (Kulkarni et al. 1993; Sigurdsson & Hernquist 1993) had suggested that BHs that would be retained in GCs would quickly segregate to the center of the cluster forming a BH subsystem (BHS) that would decouple from the rest of the GC as Spitzer mass-segregation instability (Spitzer 1969) would set in. BHs will strongly interact in this contracting BHS and escape the cluster leaving behind at the most 1 or 2 BHs within a few hundred Myr. However, more E-mail: askar@camk.edu.pl recent theoretical and numerical studies (Mackey et al. 2008; Morscher et al. 2013; Breen & Heggie 2013a,b; Sippel & Hurley 2013; Heggie & Giersz 2014; Ziosi et al. 2014; Morscher et al. 2015; Wang et al. 2016; Peuten et al. 2016; Webb et al. 2018; Banerjee 2018) have shown that GCs, depending on their initial conditions could sustain a significant population of BHs for several Gyr. These results show that the BHS that forms due to segregating BHs during the early evolution of the GC is not entirely decoupled from the rest of the GC and the evolution of this BHS is governed by the energy demands of its host GC (Breen & Heggie 2013a,b) . If the two-body relaxation time for the GC is sufficiently long, a substantial BHS can survive up to a Hubble time or longer (Morscher et al. 2015; Wang et al. 2016; Arca-Sedda 2016; Rodriguez et al. 2016; Arca Sedda, Askar & Giersz 2018) .
During the last ten years, there have been numerous observational studies that have identified BH candidates in Galactic and extragalactic GCs (Maccarone et al. 2007; Barnard et al. 2008; Barnard & Kolb 2009; Strader et al. 2012; Roberts et al. 2012; Chomiuk et al. 2013; Miller-Jones et al. 2015; Minniti et al. 2015; Bahramian et al. 2017 ). Kinematic observations of extragalactic GCs have also indicated presence of significant unseen mass (Taylor et al. 2015) . Most recently, Giesers et al. (2018) identified a stellar mass BH candidate in a detached binary system with a main sequence star in the Galactic GC NGC 3201 using MUSE. There have also been recent works that use numerical simulations of GC models harbouring a large population of BHs in order to find signatures for the presence of BHS in GCs (Arca-Sedda 2016; Weatherford et al. 2017; Arca Sedda, Askar & Giersz 2018) .
Arca Sedda, Askar & Giersz (2018 , hereafter AAG 2018 proposed a novel way to define the BHS size as the radius within which half-mass is in BHs and the other half is in stars. Following this definition, AAG 2018 made use of more than 150 simulated GC models to find correlations between observational and structural properties of a GC at 12 Gyr with the properties of the BHS that it contains at its center. Using those correlations and the observed properties of Galactic GCs taken from the Harris (1996 Harris ( , updated 2010 ) catalogue, we identify 29 GCs that are likely to be harbouring a BHS at their center. We also identify GCs that are likely to have a significant number of their BHs in binary systems. In Section 2.1, we briefly describe the mocca code for star cluster simulations and the GC models that were used in this study. In Section 2.2, we describe the correlations that were used to estimate BHS properties from available observational data (all the relations and the fitting parameters are provided in Table A1 in Appendix A). The correlations are also applied to results from N -body simulations to see if we can recover BH numbers in those models (Section 2.3). We also give a description for the criteria that was used to shortlist the 29 candidate Galactic GCs with a BHS and discuss the limitations of our work in Sections 2.4 and 2.6. In Section 3, we provide the observed properties of the 29 Galactic GCs that we have shortlisted in Table 1 . The main result of the paper is shown in Table 2 where we provide the estimated density, size, mass and average mass of the BHS these 29 Galactic GCs may contain. The total number of BHs and the potential number of BHs in binary systems within these GCs is also estimated. In Section 4, we discuss the results and provide the main conclusions.
METHOD

MOCCA & GC Models
In order to identify which Galactic GCs could contain a substantial number of BHs, we made use of a large suite of GC models that were simulated with the mocca code (see Giersz et al. 2013 , and reference therein for details) for evolving star clusters as part of the moccasurvey Database I project (Askar et al. 2017) . mocca simulates the dynamical evolution of a GC based on Hénon's Monte-Carlo algorithm (Hénon 1971 ) and improvements to this method (Stodó lkiewicz 1986; Giersz 1998) . mocca uses the fewbody code (Fregeau et al. 2004) for computing the outcome of strong interactions, and for binary/stellar evolution it employs the SSE/BSE codes (Hurley, Pols, & Tout 2000; Hurley, Tout, & Pols 2002) . For the Galactic potential, mocca uses a simple point mass approximation with the Galaxy mass equal to the mass enclosed within the Galactocentric distance of the GC model.
The mocca-survey Database I is a collection of about 2000 GC models that were simulated with the mocca code. These GCs span a wide array of initial conditions that cover different initial masses, metallicities, primordial binary fraction, concentration, half-mass radii, tidal radii and prescriptions for BH natal kicks (for details see Askar et al. 2017) . The results presented in this paper come from 163 GC models that had a population of 15 to 800 BHs at 12 Gyr. These models emerged from all initial metallicities that were sampled and initial half mass radii for most of these models were 2.4 pc and 4.8 pc. 86 per cent of these models had initial number of stars larger than about 7×10 5 . The details of the simulation models that host a large number of BHs are provided in AAG 2018. For all these GC models, BH natal kicks were modified according to the mass fallback prescription by (Belczynski et al. 2002) . With these natal kicks, BH retention fraction 1 within the first 20 -30 Myr of evolution ranged from 15 per cent to 55 per cent depending on the initial cluster mass, concentration and tidal radius.
Estimating BHS Properties for Galactic GCs
AAG 2018 carried out a detailed investigation of GC models from the mocca-survey Database I that retained a sizeable population of BHs at 12 Gyr. Typically, such GC models are characterized by low central surface brightness (CSB), large half-light radii and present-day half-mass relaxation times larger than a Gyr. AAG 2018 defined the size of the BHS (R BHS ) as the radius within which 50 per cent of the total cumulative mass is in BHs while the remaining mass is in other stars. Investigating the properties of the GCs at 12 Gyr, AAG 2018 found a tight correlation between the average GC surface brightness inside the projected half-light radius (L GC /r 2 hl 2 ) and the mass density of the BHS (ρ BHS 3 ). Additional correlations were found by AAG 2018 between the BHS density and its radius and mass. Using those correlations, it is possible to estimate the properties of the BHS for an observed GC using its luminosity and half-light radius.
We apply the correlations found by AAG 2018 to the available observed data for Galactic GCs taken from Harris (1996 Harris ( , updated 2010 ) which provides half-light radius and absolute V-band magnitude (M V ) for 140 Galactic GCs. M V can be converted to the V-band luminosity of the cluster using the distance of the GC from the Sun. In Equation 15 of AAG 2018, the linear in log-log correlation between L GC /r 2 hl and ρ BHS is provided along with fitted values of the constants. In that equation, L GC was the total bolometric luminosity of the GC model at 12 Gyr. In order to apply the correlation to the available observational data in the Harris catalogue, we refitted the parameters for the correlation by using the total V-band luminosity (L V ) of the mocca 163 GC models. Using the absolute V-band magnitude of each object in the simulation snapshot at 12 Gyr, we converted 1 This is calculated by taking the number of BHs that are retained in the GC (from evolution of massive stars) divided by the total number of massive stars in the initial model that should evolve into BHs. 2 L GC r −2 hl is defined as the GC luminosity divided by the square of the half-light radius (L pc −2 ). 3 ρ BHS is defined as the total mass of BHs inside the BHS divided by the cube of the radius (R BHS ) that defines the size of the BHS (M pc −3 ). this magnitude to luminosity and obtained the total cluster luminosity in the V-band at 12 Gyr. In Figure 1 , we show how L V /r 2 hl correlates with the ρ BHS at 12 Gyr for MOCCA models that contained more than 15 BHs at 12 Gyr. This correlation is well described by the following relation
where A = 1.43 ± 0.03 and B = −1.91 ± 0.11 Knowing the observed V-band luminosity and the halflight radius of a Galactic GC from the Harris catalogue, we can estimate the density of its BHS (ρ BHS ). AAG 2018 found that there is an anti-correlation between the ρ BHS and the size of the BHS (R BHS ) (AAG 2018, Equation 6 ). R BHS correlates with M BHS (which is the mass of BHs enclosed within R BHS ) and the average mass of BHs within R BHS (AAG 2018, Equations 5 and 8) . M BHS correlates with the number of BHs in the subsystem (AAG 2018, Equation 7 ). Moreover, AAG 2018 found that M BHS and the number of BHs in the BHS correlate with the total mass of all BHs and total number of all BHs in the GC model. Furthermore, the fraction of BHs in binary systems anti-correlates with the M BHS and the average mass of other stars in the BHS also anti-correlates with the average mass of BHs in the BHS (see Table A1 in Appendix A for a full list of all the correlated parameters, the correlations and the values of the fitted parameters). All these correlations were exploited to get properties of BHS and over all BH populations for Galactic GCs for which we had observed values of V-band luminosity and half-light radius. Wang et al. (2016) carried out direct N -body simulations of million body GCs using the nbody6++gpu code (Wang et al. 2015) as part of the dragon simulation project. The two models that were simulated up to 12 Gyr, D1-R7-IMF93 and D2-R7-IMF01 retained 245 and 1037 BHs at 12 Gyr respectively. We tested our correlations to see if we could correctly recover the total number of BHs at 12 Gyr in the two dragon clusters by using the total V-band luminosity and half-light radius for D1-R7-IMF93 and D2-R7-IMF01 in Wang et al. (2016) . The half-light radius of model D1-R7-IMF93 at 12 Gyr was ∼ 8.7 pc and its total V-band luminosity was 1.86 × 10 5 L 4 . Using the correlation described in Equation 1, we find Log[ρ BHS ]= 2.94. Connecting ρ BHS to the BHS size and total mass, we estimate the total number of retained BHs at 12 Gyr in D1-R7-IMF93 to be N BH = 140 +80 −45 . Our correlation predicts about 100 fewer BHs in D1-R7-IMF93. However, the upper limit error limit is off by about 25 BHs. The reason for this discrepancy can be attributed to the fact that the majority (80 per cent) of the GCs that we considered when deriving the correlation in Equation 1 had between 15 to 200 BHs at 12 Gyr (see colour bar in Figure 1 ). The half-light radii at 12 Gyr for more than 60 per cent of these GCs was between 2.0 and 6.5 pc. For GCs with a large number of BHs, large half-light radius and a large total luminosity value, the correlation in Equation 1 gives an overestimated value of the density of the BHS which, in turn, reduces the estimated BHS size, mass and estimated total number of retained BHs. GC models retaining several hundreds of BHs have large initial half-mass radii and relaxation times thus they are dynamically younger compared to models that retain about several tens to few hundreds of BHs.
Testing Correlations on Results from N -Body Simulations
If the fitted parameters in the correlation given in Equation 1 are calculated for 12 GC models in which there are more than 250 BHs, V-band luminosity is larger than 1.0 × 10 5 L and half-light radius is larger than 5 pc, we find A and B to be 1.41±0.11 and −2.05±0.04 respectively. These values yield Log[ρ BHS ] = 2.69, and total number of BHs at 12 Gyr to be N BH = 161 +126 −61 in D1-R7-IMF93 . The use of these fitted parameters can possibly provide an estimate for BHS properties in luminous GCs with large half-light radii. For model D2-R7-IMF01, the total V-band luminosity at 12 Gyr was 1.11 × 10 5 L and the half-light radius was ∼ 14.4 pc.
Using Equation 1 with A = 1.41 ± 0.11 and B = −2.05 ± 0.04, we find that the Log[ρ BHS ]=1.98. This results in a total number of BHs to be N BH = 271 +251 −116
. Even taking into account maximum errors in the correlation, the BHs in D2-R7-IMF01 is underestimated by half.
Fitting values of A and B for 4 MOCCA models which had more than 500 BHs at 12 Gyr gives a correlation where A = 0.6 ± 0.2 and B = 0.4 ± 0.7. Using these values, the maximum number of BHs estimated in D2-R7-IMF01 is around 700. Therefore, it seems that the application of the correlations discussed in this paper to GCs with half-light radii larger than 8 pc and above may lead to an underestimation of the number of BHs in those GCs. However, GCs with such large half-light radius values are rare in the Galaxy, as there are only 8 Galactic GCs within 50 kpc of the Galactic center which have such a high half-light radii. The majority of Galactic GCs have present-day half-light radii between 2 to 5 pc.
GC Identification Criteria
By using Equation 1 and the correlations described in Section 2.2 and AAG 2018, we estimated the BHS properties and the potential number of BHs in a GC from the observed half-light radius and total V-band luminosity of the GC. We have shortlisted 29 Galactic GCs for which central surface brightness, absolute magnitude and average surface luminosity values agree with what we find for simulated GCs that harbour a high number of BHs at 12 Gyr. We have also selected only those GCs for which the observed present-day half-mass relaxation times are larger than about 0.9 Gyr. This choice is motivated by the properties of our simulations, as all the GC models with a high number of BHs had half-mass relaxation times larger than this limiting value at 12 Gyr.
While shortlisting these 29 Galactic GCs, we restricted ourselves to GCs for which the Galactocentric radius values were smaller than 17 kpc. This was done because except for two, all the 163 simulated GC models that retained more than 15 BHs at 12 Gyr had Galactocentric radii smaller than 17 kpc. We cannot compare these simulated models with Galactic GCs that are very far from the Galactic center due to the modeling of the tidal field. Nevertheless, in Section 4, we mention distant Galactic GCs that do have observational properties suggesting the presence of a large number of BHs. Moreover, we shortlisted Galactic GCs which were bright (M V < −6.5) but had low central surface brightness (CSB 1×10 4 L pc −2 ) values similar to the observed properties of simulated GCs at 12 Gyr (see top panel in Figure 2 ). There were only 3 GC models with BHS that had CSB values larger than 1 × 10 4 L pc −2 . In order to calculate the CSB from the simulated models, we use the infinite projection method described in Appendix B of Mashchenko & Sills (2005) to generate a surface brightness profile for the GC at 12 Gyr, which we use to find the central value in units of V-band luminosity per square pc. In order to compare this value with the observations, we convert the apparent V magnitudes per square arcsecond CSB value provided in the Harris (1996 Harris ( , updated 2010 catalogue to units of V-band luminosity per square pc. In doing this, we took into account the distance to the cluster from the Sun and the foreground reddening are also provided in the catalogue.
We also compared the V-band luminosity inside the half-light radius and the central surface brightness of the observed GCs with the simulated models to further constrain our list of Galactic GCs with a BHS (see lower panel in Figure 2 ). We excluded two very bright and massive GCs, these were NGC 5139 (ω Cen) and NGC 6402 (M14). While both these GCs are bright with relatively low central surface brightness values, none of the simulated models at 12 Gyr are as bright as these GCs. To reproduce their presentday brightness, we would need initial masses larger than the most massive GC models simulated in the mocca-survey Database I.
The Galactic GC selection criteria discussed above are summarized in the list below: On the x-axis is the absolute V-band magnitude and on the y-axis is the central V-band surface brightness (CSB) in units of L pc − 2. 12 Gyr properties for simulated GC models with more than 15 BHs are shown with the black points and the observed properties of 29 Galactic GCs that could potentially be containing BHs are shown with red points. Other simulation models which occupy the range of magnitudes and CSB at 12 Gyr are also shown. These are only the models in which mass fallback was enabled but number of BHs at 12 Gyr was less than 15. Bottom Panel: On the x-axis is the GC V-band luminosity divided by the square of the the half-light radius and on the y-axis is the CSB. The colour coding is similar to the top panel.
• We considered only Galactic GCs with Galactocentric radius values smaller than 17 kpc as we cannot compare our simulated models with very distant GCs.
• We only consider Galactic GCs which were brighter than M V < −6.5 with the exception of NGC 5139 (ω Cen) and NGC 6402 (M14).
• We restrict ourselves to Galactic GCs having CSB values 1 × 10 4 L pc −2 .
• Observed present-day half-mass relaxation time of shortlisted GCs is 0.9 Gyr.
Comparison with Central Kinematic Properties
We also compared the observed central velocity dispersion (σ 0 ) value for Galactic GCs with the simulated GC models. To obtain the central velocity dispersion from our simulation models, we projected the 12 Gyr simulated GC models and created a line-of-sight (LOS) velocity dispersion profile (computed in 50 radial logarithmic bins) for stars brighter than M V = 6 and took the velocity dispersion value in the innermost bin. For GC models that contain more than 15 BHs at 12 Gyr, the median central LOS velocity dispersion value is about 4.9 kms −1 . For models with fallback enabled and no IMBH or significant number of BHs, the median central LOS velocity dispersion is about 2 kms −1 . In the top panel of Figure 3 , we show the 12 Gyr central LOS velocity dispersion and half-light radii of simulated models with fallback enabled, models with more than 15 BHs are indicated with black points, empty circles identify models containing an IMBH and grey points are models with neither an IMBH or a significant number of BHs. Models with more than 15 BHs have systematically larger central LOS velocity dispersions compared to models with less than 15 BHs and no IMBH. Observational and estimated central LOS velocity dispersions for the shortlisted Galactic GCs from three different references (Pryor & Meylan 1993; Gnedin et al. 2002; Harris 1996 Harris , updated 2010 5 are shown with filled squares. Two of the shortlisted GCs (NGC 288 and M22) also had LOS velocity dispersion profiles provided in Watkins et al. (2015) and central values were similar to those available in Harris (1996 Harris ( , updated 2010 . Observational estimates for central LOS velocity dispersions are not available for all Galactic GCs and values can vary between different studies. However, the shortlisted GCs have central LOS velocity dispersions that are in better agreement with models having a higher number of stellar mass BHs compared to other models in which fallback was enabled but there were no significant number of BHs at 12 Gyr.
Limitations and Cautions
There are about two hundred GC models in mocca-survey Database I with a few BHs ( 15) that at 12 Gyr have total V-band luminosity, central surface brightness and luminosity inside the square of the half-light radius values comparable to models that have a large number of BHs . More than 80 per cent of these models emerge out of simulations in which Belczynski et al. (2002) mass fallback prescription was not used (see Figure 4) and BHs had high natal kicks 6 . Based on these findings, it is important to stress that the results 5 Data for velocity dispersions from Pryor & Meylan (1993) ; Gnedin et al. (2002) can be found online at the following links: http://www-personal.umich.edu/~ognedin/gc/pm93_table2. dat and http://www-personal.umich.edu/~ognedin/gc/vesc.dat 6 Fallback prescription is turned off in these GC simulations and BHs get same natal kicks as neutron stars. Distribution of kick velocities is given by a Maxwellian distribution with σ = 265 km s −1 (Hobbs et al. 2005 ). On the x-axis is the half-light radius (r hl in pc and on the y-axis is the central line-of-sight velocity dispersion (σ 0 ) in units of kms −1 at 12 Gyr. Simulated GC models with more than 15 BHs are shown with black points and the available observed values for the shortlisted Galactic GCs from three different sources (Pryor & Meylan 1993; Gnedin et al. 2002; Harris 1996 Harris , updated 2010 are shown with squares. Other simulation models in which mass fallback was enabled but the GCs have less than 15 BHs at 12 Gyr are also shown with empty circles (models with an IMBH) and grey diamond points (no IMBH or BHS). Maximum central line-of-sight velocity dispersion values have been limited to 20 kms −1 in the figure. Few models with IMBH can have higher central velocity dispersions. Bottom Panel: The same figure as the top panel. However here, the models in which fallback was not enabled are shown and GCs for which velocity dispersion data was available but they were not shortlisted according to our selection criteria are also shown with empty squares.
obtained in this paper depend significantly on the prescriptions for BH natal kicks. If BH natal kicks are as high as the natal kicks for neutron stars, inferred from proper motions of pulsars (Hobbs et al. 2005) , then the observational properties of the 29 shortlisted GCs could still be explained without invoking the need for a BHS. However, if BH natal kicks are lower in low metallicity environments (Belczynski et al. 2002 (Belczynski et al. , 2010 Fryer et al. 2012; Spera & Mapelli 2017) like GCs and retention fractions are as high as 50 per cent, then it would be difficult to explain the present-day obser- On the x-axis is the absolute V-band magnitude and on the y-axis is the central V-band surface brightness. The figure is the same plot as in the top panel of Figure 2 ). However, here models with fewer than 15 BHs that emerged from initial conditions in which fallback was turned off and BHs had high natal kicks are also shown.
vational properties of these GCs without the presence of a sizeable number of BHs at 12 Gyr. For the nearly two hundred GC models for which we assumed high natal kicks for BHs, about half of these GCs are characterized by a high overall binary fraction (between 11 per cent and 37 per cent) at 12 Gyr with a mean value of 20 per cent. Some of these models even have central velocity dispersion values that are in agreement with observed values of central velocity dispersion for few of our shortlisted Galactic GCs (as shown by the grey points in the lower panel of Figure 3) . It may be possible that among the 29 shortlisted GCs, a high fraction of binaries (about 20 per cent) could explain the observed low central surface brightness and large half-light radii instead of the presence of a BHS. The remaining half of low BH GC models can be split into two types. About 50 of those GCs contain an intermediate mass BH (IMBH) . The IMBH in these GCs has typically a low mass, ranging from about a few hundred to a few thousand solar masses. Such IMBHs mostly form via the slow scenario described in Giersz et al. (2015) and gradually build up mass. In a few GC models, an IMBH may form quickly due to high central concentrations from runaway collisions in the very early evolution of the clusters, but its subsequent growth slows down due to the expansion of the GC driven by mass loss due to stellar evolution. For another 50 GCs, there are no significant number of BHs, IMBH or high binary fractions. Most of these GCs have large tidal radii and mean initial half-mass radii of about 4 pc. Initial halfmass relaxation times are of the order of several hundred Myr to Gyr. As BH natal kicks are large, such models lose a lot of mass in their early evolution and initially expand but start to gradually collapse after a few or several Gyr of evolution (depending on initial half-mass relaxation times). While half-mass radius keeps expanding, such GCs are typically characterized by low observed core radius values at 12 Gyr of about less than a 1 pc. If BHs get high natal kicks at birth then some of the GCs shortlisted as harbouring a BHS in this paper may in fact, be GCs with large tidal radii that are evolving towards core collapse at the present time.
It is important to point out that the correlations obtained by AAG 2018 used 12 Gyr snapshots of simulated cluster models with different fixed initial metallicities whereas Galactic GCs show an age spread (with typical ages being about 10-13 Gyr) and metallicity spread. While this can slightly change the estimated values for the properties of the BHS and the numbers presented in this paper, we do not expect large differences as GCs that keep a large number of BHs up to larger times are dynamically younger with large half-mass relaxation times. If the Galactic GCs that we have identified are younger than 12 Gyr then they could be retaining a slightly larger number of BHs, so the estimated number of BHs for GCs that are younger than 12 Gyr can be seen as a lower limit.
The correlations applied in this paper make use of the observed magnitude and half-light radius values provided in the Harris (1996 Harris ( , updated 2010 catalogue. While we have used the errors in the correlations to calculate maximum and minimum values for the inferred properties of the BHS, the errors for these two observed parameters are not taken into account and exact values are taken from the Harris catalogue. The luminosity and the half-light radius of the GC depend on the total magnitude and the estimated distance to the GC. If errors are large in these two observed values then this can further change the estimated values we obtained for the various properties of the BHS and overall BH population of the clusters. One approach to minimize observational uncertainties would be to take average values for parameters like absolute magnitude and distance to the GC from different observational studies. This was done by Baumgardt (2017) when comparing results from N -body simulations with Galactic GCs. However, this can be done for only a limited number of Galactic GCs. With better and more constrained observations of these global GC properties, such errors can be taken into account in future studies in order to exhaustively establish a list of GCs that could have a large population of unseen BHs.
RESULTS: GALACTIC GLOBULAR CLUSTERS WITH BHS
The observed properties of the 29 Galactic GCs that could contain a BHS are provided in Table 1 . These values were taken from the Harris (1996 Harris ( , updated 2010 ] value to estimate the density of the BHS using Equation 1. We used subsequent correlations described in Section 2.2 and Appendix A to obtain values for the properties of the BHS, number of BHs in the GC and potential number of BHs in the binary systems (which includes binary BHs and BHs in binary systems with other stars). All these values are provided in Table 2 . Figure 5 shows the absolute V-band magnitude and the total estimated number of BHs in these 29 Galactic GCs. The colour bar in the figure shows the observed Log[L V /r 2 hl ] for the GCs. (Harris 1996 (Harris , updated 2010 of 29 Galactic GCs that are likely to be containing a subsystem of BHs. a Absolute V band magnitude of the GC as provided by Harris (1996 Harris ( , updated 2010 . D su n and D GC are the distance to the cluster from the Sun and the Galactic center in units of kpc. b Is the current estimated half-mass relaxation time in Myr provided in the Harris catalogue. We restricted our results to models for which this value was greater than about 1 Gyr. c Is the luminosity of the GC in V band calculated using the absolute magnitude and the distance to the cluster from the Sun. r c (core radius) and r hl (half-light radius) provided in the Harris catalogue in arcmins were converted to parsec. d CSB was calculated by converting the apparent V band magnitude per square arcsecond value provided in the Harris catalogue to luminosity per square parsec taking into the account the E(B-V) reddening correction and the distance to the cluster. The last column provides the common logarithm value of the average surface brightness which is defined as the total luminosity divided by the square of the half-light radius.
For the 29 selected Galactic GC models, the mean present-day half-mass relaxation time is 2.25 Gyr and the mean half-light radius is 4.93 pc. The mass of the BHS from the 29 GCs ranges between ∼ 300 to 2500M . The error bars, particularly upper limits for BHS mass and number of BHs, are large. Overall, the total mass of BHs in these GCs could be as high as several thousand solar masses The mean mass density of BHs in the BHS is about 776 M pc −3 .
As shown from the correlations discussed in our companion paper AAG 2018, models with relatively sparse extended BHS have higher BHS mass and a larger number of BHs. We have also estimated the number of BHs that could be in binary systems in these clusters. In order to obtain this number, we obtained a linear anti-correlation that best fits the binary fraction of BH binaries for models with BHS mass in the range of 400 to 3000 M . While the errors on these values are large, as an upper limit we can estimate that these GCs can on an average contain from about 8 to a few dozen of binaries with at least one BH component at 12 Gyr. A fraction of these binaries would be detectable mass transferring systems (Kremer et al. 2018a ), these low numbers can explain the dearth of observed BH binaries in GCs that are X-ray or radio sources. There is an anti-correlation between the number of BHs in binary systems and the mass of the BHS (see Figure 4 in AAG 2018 for the exact relation). So while GCs with low mass BHS (dynamically older BHS) are more likely to have a higher fraction of their BH population in binaries, the total number of BHs and average mass of BHs would be low for such GCs which explains why we estimate roughly the same number of BH binaries in 29 GCs for which we have a significant range of BHS masses. More massive and dynamically younger BHS have more BHs but as this BHS is less evolved, fewer fraction of BHs are in binares (AAG 2018). Our results show that the detection of even a few detached or mass transferring BH binaries in these 29 shortlisted GCs could be an indication of the presence of a larger population of single BHs, particularly if the estimated size of the BHS is large.
DISCUSSION & CONCLUSIONS
In Tables 1 and 2 , we present a list of 29 Galactic GCs that are likely to be hosting a BHS. For Galactic GCs NGC 4372 and NGC 6101, there have already been suggestions that their observed properties could be explained by the presence of a BHS. Wang et al. (2016) in their million body simulation had setup initial conditions for their two models that retained about 250 and 1000 BHs at 12 Gyr approximately based on present-day observational properties of NGC 4372. Peuten et al. (2016) provide detailed arguments backed by N -body simulations on the likelihood that NGC 6101 is hosting a sizeable population of BHs. Our work supports their results and through our correlations we find that NGC 6101 could be harbouring 100 to 250 BHs with total mass in BHs as high as a few thousand solar masses. Webb et al. (2017) measured how the slope of the mass function (MF) changes with respect to the distance from the center of the cluster for five Galactic GCs and compared observed results with those predicted from N -body simulations. They concluded that both NGC 6101 and NGC 5466 show little mass segregation and have nearly flat MFs and one possibility to explain this could be the presence of a large number of BHs in these GCs. Dalessandro et al. (2015) also found that NGC 6101 shows little evidence for mass segregation. In contrast, using mass function slopes obtained from Hubble Space Telescope/ACS data (Sarajedini et al. 2007 ), Baumgardt & Sollima (2017) suggested that NGC 6101 shows mass segregation that cannot be explained with a BH retention fraction larger than 50 per cent.
Our results show that observable properties of NGC 6101 (V-band magnitude, half-light radius, observable core radius) can be reproduced with a model with just 20 per cent BH retention. For an initially unsegregated mocca GC model with N = 7.0 × 10 5 initial objects (binary fraction of 10 per cent, mass function given by Kroupa (2001) , W 0 = 3 (King concentration parameter), half-mass radius of 4.8 pc, tidal radius of 120 pc and Galactocentric radius of 11.7 kpc), 20 per cent BH retention corresponds to about 250 BHs in the GC at 30 Myr. Such a GC has an initial half-mass relaxation time of the order 2.5 Gyr and sustains about 140 BHs till 12 Gyr and can show signs of weak mass segregation. An initially massive GC with large half-mass radius will slowly evolve its BHS compared to an equally massive model with smaller half-mass radius. GCs with a more dynamically evolved, low mass BHS can show stronger signs of mass segregation. This picture can be certainly more complicated if we take into account GCs with different masses, central concentrations and binary fractions. Observed mass segregation might not give us a complete picture of the magnitude of the BHS in a GC unless very deep observations of the GC core are available.
For NGC 5466, we estimate that there could be an extremely massive BHS of a few thousand solar masses. Based on results from N -body simulations, it has been suggested that NGC 288 and NGC 5466 could be containing an IMBH (Lützgendorf, Baumgardt, & Kruijssen 2013) . Our estimated properties for the mass of the BHS shows that BHS masses in these two clusters could be as large as 3000 and 5000 M . Presence of such massive subsystems in GCs has been suggested in earlier works (see Arca-Sedda 2016, and reference therein). We would argue that the CSB for NGC 288 and NGC 5466 are not high enough to be comparable to simulated mocca GC models with massive IMBH (AAG 2018) therefore it could be likely that these GCs are harbouring a BHS. NGC 5466 and NGC 288 are also particularly interesting as they show presence of extended tidal tails (Belokurov et al. 2006; Grillmair & Johnson 2006; Leon, Meylan, & Combes 2000) . Presence of such tails is typically indicative of strong mass loss suggesting that the GC is filling its tidal radius which could explain the large values for its core and half-light radius. However, it has been suggested that NGC 5466 lost most of its mass due to tides when it crossed the Galactic disc near perigalacticon (Fellhauer et al. 2007 ). Table 2 . Estimated properties of BHS and BH populations in 29 GCs that were shortlisted according the criterion explained in Section 2.4. While the GC has undergone mass loss, it could still be dynamically young and may contain a BHS. For NGC 288, there is strong evidence that its dynamical evolution has been strongly influenced by the Galactic tidal field. Tidal tails are seen around this GC and there are indications that it may have recently undergone a tidal shock from the disc and the bulge (Leon, Meylan, & Combes 2000) . Therefore, it may be possible that the observational properties of NGC 288 have been strongly shaped by these tidal shocks rather than the presence of a BHS. NGC 5897 is also a GC which shows tidal tails (Balbinot & Gieles 2018) and may have undergone tidal interactions with the galactic plane which could also account for its observational properties. Observed variations of radial velocity measurements of a peculiar star in NGC 3201 which was observed with the MUSE IFU spectrograph has provided strong evidence for the presence of a BH in a detached binary system in this GC (Giesers et al. 2018) . NGC 3201 is one the GCs that meets our selection criterion for Galactic GCs that could potentially be harbouring a large number of BHs. We estimate that there could be as many as 20 BHs in binary systems within this GC and there could be between 80 to 175 single BHs in this GC. Recently Kremer et al. (2018b) modelled NGC 3201 using a Monte-Carlo code and showed that its observational properties are in agreement with a GC model containing around 200 or more BHs. Baumgardt et al. (2010) showed evidence for 2 distinct populations of GCs with Galactocentric radius larger than 8 kpc with one group being compact, tidally underfilling while the other group is tidally-filling. They argued that the compact clusters were initially compact as well whereas most of the tidally filling clusters formed with larger halfmass relaxation times. AAG 2018 and previous works have shown that clusters with larger initial half-mass radii are more likely to retain BHs up to 12 Gyr. Comparing the Galactic GC in our shortlist with their results, we find that NGC 288, NGC 5466, IC 4499, NGC 6101, NGC 6426 are on their list for tidally-filling clusters. On the other hand, NGC 3201, NGC 4590, NGC 5272, NGC 6205, NGC 6779, NGC 6934 and NGC 6981 are on their list for clusters that are compact and could initially have been compact too. If such GCs were initially compact and had large tidal radii then escape velocities at earlier times would be higher which could result in high BH retention (50 per cent). This would mean that a GC with initially N = 7×10 5 objects could retain about 700 BHs after 20 Myr. We find that in such mocca models the core collapses by 500 Myr forming a BHS with tens of binary BHs that support the evolution of the GC. Gradually the BHS depletes its population of BHs in strong interactions over the course of the GC evolution but such GC models can still have more than a hundred BHs at 12 Gyr. Therefore, even GCs that started out as being relatively compact can still have a sizeable population of BHs at 12 Gyr.
GC Name
NGC 6656 (M22) harbours two radio detected accreting BH candidates (Strader et al. 2012 ) and barely makes it to our shortlist for possible GCs with BHS (its CSB just meets our criterion of being 1×10 4 L pc −2 ). We predict that the mass of the BHS in M22 is about 335 M (corresponding to about 30 BHs) and mass of all BHs should be about 700 M . The estimated size of the BHS in M22 is between 0.16 to 0.27 pc. Both the projected position of the BH candidates in M22 are 0.4 and 0.25 pc. As we estimate a low BHS mass for M22 it should have a higher fraction of its BHs in binary systems. Based on our results, the detection of these candidates in a GC with observational properties consistent with GC models that sustain large populations of BHs points towards the fact that there could be many more BHs in M22.
Other GCs within 17 kpc from the Galactic center which did not make it to shortlist but could contain a BHS include:
• NGC 6121, NGC 6218, NGC 6254 (M10), NGC 6287, Palomar 6, Djorg 1, Djorg 2, HP1 and NGC 6749 could possibly contain BHS of a few hundred solar masses. These GCs were not shortlisted as present-day half-mass relaxation times were lower than 0.9 Gyr or the value was not available for these GCs. Recently, Shishkovsky et al. (2018) reported the detection of a red straggler binary with an invisible companion in NGC 6254 (M10). Shishkovsky et al. (2018) also found an X-ray counterpart to this binary and opined that the invisible companion in this binary could be a BH. From our correlations we predict that M10 could contain 75 +32
−20
BHs with up to 19 BHs being in binary systems.
• Palomar 12, Terzan 1, BH 176, Terzan 3, Terzan 7, Terzan 12, NGC 6366, NGC 6558, NGC 6235, NGC 2298 and Palomar 6 did not make it to the shortlist because they have magnitude values larger than -6.5 and/or present day half-mass relaxation times were lower than 0.9 Gyr. Palomar 12, Terzan 1, BH 176, Terzan 7, Terzan 12 are too dim compared to most BHS models. These GCs could be dark star clusters with a BHS (Banerjee & Kroupa 2011) . On the other hand, GCs NGC 6366, NGC 6558, NGC 6235, NGC 2298 and Palomar 6 are sufficiently bright and could contain a massive BHS.
• There are a few GCs that had CSB values slightly larger than our maximum cutoff value of of ∼ 1 × 10 4 L pc −2 that could also host a BHS containing up to a few hundred solar masses. These include NGC 6287, NGC 6380, NGC 6356, NGC 6333 (M9) and NGC 6553, NGC 6637 (M69) and NGC 6760.
• There are a few more additional GCs for which the average surface brightness inside the half-light radius agrees with models with BHS but did not make the shortlist because of CSB values being much higher than our maximum cutoff value. There are NGC 5904, NGC 5946, NGC 6256, NGC 6626, NGC 6539, NGC 6284, NGC 6293, NGC 5927, NGC 6304, NGC 6522, NGC 6752, NGC 6642, NGC 6355, NGC 6341 (M92), NGC 6864 (M75) and NGC 6139. The correlations that we used found a substantial BHS in these GCs, with masses of a few hundred solar mass. However, only a few simulated GC models having a large number of BHs at 12 Gyr have CSB values which are as high as CSB values for these GCs.
• Both NGC 5139 (ω Cen) and NGC 6402 (M14) have low CSB values but brightness (total V-band magnitude) larger than any simulated GC model at 12 Gyr and hence did not make it to the shortlist. Our correlations do not predict massive BHS for these GCs. For ω Cen, we estimate total number of BHs to be between 50 and 80.
GCs with distances larger than 17 kpc from the Galactic center which could be hosting a sizeable number of BHs include:
• NGC 5053 and NGC 7492.
• Applying our correlations to very distant Galactic GCs like Palomar 14, AM 1, Palomar 3, Palomar 15, Eridanus and Pal 4 also yields substantial BHS mass. Most of these GCs are not bright (absolute magnitdus are around -4). As discussed in Section 2, we do not consider these GCs as none of the simulated GC models have such large Galactocentric radii. However, this does not rule out the possibility that GCs at large distances from the center of the Galaxy do not harbour BHS.
Our results show that about 20 per cent of Galactic GCs could potentially be hiding many BHs. The results from this study can be useful for observers trying to identify elusive BH candidates in GCs. The estimated number of BHs in binaries for the GCs we have identified in this paper is rather low (from few tens to several dozens at best). The likelihood of the BHs in these binaries to be accreting is even lower which explains the difficulty in detecting such systems. The large presence of single BHs estimated for a few of these shortlisted GCs could possibly be detected via microlensing (Paczynski 1994; Bennett et al. 2002; Pietrukowicz et al. 2012; Minniti et al. 2015; Lu et al. 2016; Wyrzykowski et al. 2016; Rybicki et al. 2018) .
In addition to the limitations and cautions specified in Section 2.6, it is important to point out that the correlations from AAG 2018 come from GC models simulated with the mocca code. Similar to other numerical simulation codes (e.g., N -body or other Monte Carlo codes) that compute the evolution of star clusters, there are many limitations and important physical processes that are not taken into account which could be important for the evolution of a real Galactic GC. These include rotation, proper Galactic potential and tides, GC's orbit and its formation environment. Therefore, the results presented in Table 2 are only estimates and we would like to stress that our results do not imply that Galactic GCs other than the ones identified in this study do not harbour stellar mass BHs. The possibility of several BHs existing in other Galactic GCs cannot be ruled out. The 29 Galactic GCs identified in this study are likely to be harbouring a significantly large number of BHs and have observational properties similar to simulated GC models that sustain large number of BHs. In the future we plan on using a similar approach to be able to identify Galactic GCs with IMBHs. Table A1 . In this table we define all the correlations that were used to obtain the values provided in Table 2 . By knowing the V-band luminosity and half-light of a given GC that meets the criteria mentioned in Section 2.4, we can estimate the properties of its BHS using these correlations. f Anti-correlation between the average of stars in the BHS and the average of mass of BHs in the BHS. This relation is different from the one shown in (AAG 2018) and was found by limiting to models which had average BH mass in BHS lower than 14 M (as was the case for the 29 shortlisted Galactic GCs). g Correlation between the total mass of all BHs in the GC and the mass of the BHs in the BHS in units of solar mass. h Relation for the total number of all BHs in the GC and the number of BHs in the BHS. i Shows the anti-correlation between the fraction of BHs in binary systems in the GC and the mass of BHs in the BHS in units of solar mass. N BHB includes all binaries in which at least one component is a BH. This relation was also obtained by limiting ourselves to BHS masses in the range of 400 to 3000 M . The full relation can be found in AAG 2018.
